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 1 Introduction ZnO crystallizes in the wurzite struc-
ture (space group: C46v-P63mc) [1], presenting a charge 
asymmetry along 〈0001〉 axis [2].  Since this asymmetry 
favours the anisotropic growth along [0001] direction, ZnO 
nanowires oriented along 〈0001〉 axis have been obtained 
by several techniques such as vapour transport [3, 4], meta-
lorganic chemical deposition [5], pulsed laser deposition 
[6], chemical bath deposition [7] and electrochemical 
deposition [8]. 
 In recent years single-crystal ZnO nanowire arrays have 
emerged as promising building blocks for a new generation 
of devices in different technological domains such as opto-
electronics [9, 10], solar cells [11, 12], gas sensing [13, 14], 
field emission [15, 16], piezoelectrics [17] and microfluidics 
[18]. Once the potential of single crystal ZnO nanowires in 
nanostructured devices has been shown, further investiga-
tions were required to enhance their performances. The di-
mensions and electrical properties of ZnO nanowires appear 
to be major parameters for the optimization of most of the 
above mentioned devices (e.g. [14, 15, 19]).  
 Electrodeposition is a low temperature technique well 
suited for cheap large-scale production process. Besides, 
electrodeposited ZnO nanowire arrays have already shown 
great potentiality in nanostructured solar cells [12], elec-
troluminescent hybrid light emitting diodes [10] and mi-
crofluidics [18].  
 ZnO one-dimensional nanostructures can be electrode-
posited from the reduction of NO3
–
 [20, 21], H2O2 (using 
templates) [22, 23] and O2 [24]. The latest method appears 
to be the best option for the controlled electrodeposition of 
ZnO nanowire arrays and for the tailoring of their dimen-
sions [25–28]. Some of the reported strategies proposed to 
tune the nanowire dimensions are based on the variation of 
the ratio between the concentrations of oxygen and zinc pre-
cursors and/or on the use of adsorbing anions, which may 
also affect the electrical properties of the ZnO nanowires.  
An overview of the electrodeposition of ZnO nanowire arrays 
from the reduction of dissolved molecular oxygen in zinc 
chloride solutions was reported. In spite of the internal struc-
ture of ZnO which favours the anisotropic growth along the 
[0001] direction, the change in the local composition of the 
electrolyte around the nanowire during the electrodeposition 
was proposed as a major parameter to affect the nanowire 
growth mechanism. The influence of the ratio between the O2
reduction rate and the diffusion of Zn2+ to the cathode was 
emphasized. Due to the particular morphology of the 
nanowire arrays, no lateral growth was observed when the re-
duction of O2 was relatively fast, while the corresponding 
deposition efficiency was very low. The decrease of the O2
reduction rate resulted in an enhancement of the deposition 
efficiency. The highest efficiencies (40–55%) were attained 
by using high chloride concentrations ([KCl] = 3.4 M) result-
ing not only in an enhancement of the longitudinal growth, 
but also in a considerable lateral growth. The influence of the 
electrodeposition conditions on the donor density of ZnO 
nanowires was investigated by using electrochemical imped-
ance spectroscopy. Donor densities from 5 × 1019 cm–3 to 
3 × 1020 cm–3 were obtained for as deposited samples. They 
decreased to values in the range of 1017 –1018 cm–3 after an-
nealing in air (1 hour at 450 °C). 
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 The particular morphology of nanowire arrays makes 
their electrical characterization difficult. Very recently 
several methods employing impedance spectroscopy have 
been developed to determine donor density of ZnO 
nanowire arrays [19, 29]. The electrochemical impedance 
spectroscopy, establishing a semiconductor/liquid junction, 
presents the advantage that it is a non-destructive method 
and no-solid contact is needed as backcontact [19].  
 Here, we present a general discussion about the growth 
mechanism of electrodeposited ZnO nanowires, emphasiz-
ing the influence of the O2 reduction rate versus the diffu-
sion of Zn2+ to the cathode. The influence of the electro-
chemical deposition conditions on the electrical properties 
of the ZnO nanowires is also analyzed by using electro-
chemical impedance spectroscopy.   
 
 2 Experimental The electrodeposition (ECD) of ZnO 
nanowire arrays was performed in a three-electrode elec-
trochemical cell with the substrate as the cathode, a Pt spi-
ral wire as the counter electrode and a Saturated Calomel 
Electrode (SCE) as the reference electrode. The electrolyte 
was an aqueous solution of ZnCl2 and KCl, saturated  
with bubbling oxygen. Ultrapure water (18 MΩ cm) was 
provided by a Millipore setup. ZnCl2 salt (Flucka, purity 
>98.0%) was the Zn2+ precursor and its concentration was 
5 × 10–4 M. KCl (Flucka, purity >99.5%) acted, among 
other roles, as a supporting electrolyte. Its concentration 
was 0.1 M and 3.4 M for “low” and “high” chloride con-
centrations, respectively.  
 The substrates were commercial conducting (10 Ω/ 
square) glass/SnO2 :F, from Solaronix, covered by a thin 
continuous layer of ZnO deposited by spray pyrolysis at 
∼350 °C. Experimental details about the deposition of ZnO 
sprayed layer can be found elsewhere [28]. For each work-
ing electrode, a geometric surface of 2 cm2 was masked off 
prior to the electrodeposition experiments. Then, on top of 
the sprayed ZnO buffer layer, the ZnO nanowire arrays 
were electrodeposited at 80 °C under constant potential  
(–1 V vs. SCE) or under constant current density  
(–0.32 mA/cm2). Two different charge densities (2.5 and 
10 C/cm2) were used. 
 Cyclic voltammetry (CV) experiments were performed 
at 80 °C. Two scans for each sample were carried out from 
solution rest potential (near zero), with a cathodic sweep to 
–1.5 V vs. SCE and followed by an anodic sweep to 
+0.5 V vs. SCE. Scan rate was 10 mV/s.  
 The electrochemical impedance spectroscopy (EIS) 
measurements were performed in a three-electrode cell us-
ing a Pt wire as counter electrode and a standard Ag/AgCl 
in 3 M KCl as reference electrode. A carbonate propylene 
electrolyte (0.1 M LiClO4) was used to avoid ZnO decom-
position. Each measurement was done applying a 20 mV 
AC sinusoidal signal over the constant applied bias with 
the frequency ranging between 500 kHz and 5 mHz. After 
the electrochemical measurement, the as deposited samples 
were annealed in air at 450 °C for 1 hour at atmospheric 
pressure, followed by cooling in ambient air.  
 ECD, CV experiments and EIS data were obtained us-
ing an Autolab PGSTAT-30 with a frequency analyzer 
(FRA) in the case of EIS. 
 
 3 Results and discussion 
 3.1 Electrodeposition The electrochemical reduc-
tion of O2 occurs by a two (Eq. (1)) or a four (Eq. (2)) elec-
tron process, as a function of the electrolyte and cathode 
properties [30, 31] 
O2 + 2H2O + 2e
– → H2O2 + 2OH
– ,      (1) 
O2 + 2H2O + 4e
– → 4OH– .             (2) 
 The generation of hydroxide ions induces an increase 
of the local pH close to the cathode. Zn2+ and OH– ions re-
act together leading to the formation of ZnO and its depo-
sition on the surface of the cathode (Eq. (3)) [24] 
Zn2+ + 2OH– → ZnO + H2O .              (3) 
 Although the internal structure of ZnO favours the ani-
sotropic growth along the [0001] direction [32], the sur-
rounding conditions during the deposition may affect the 
growth mechanism of the ZnO nanowires.  
 Since ZnO formation has generally a fast kinetics, the 
local composition of the electrolyte around the nanowires 
will be mainly determined by the ratio between the rate of 
OH– generation and the diffusion of Zn2+ ions to the cath-
ode. Figure 1 summarizes the schematic view of the three 
extreme situations for the electrodeposition of ZnO 
nanowire arrays. Figure 1a corresponds to an OH– produc-
tion much faster than the Zn2+ diffusion. Figure 1c repre-
sents the opposite situation and Fig. 1b shows the scenario 
when the OH– production rate and the Zn2+ diffusion are 
similar.  
 The particular morphology of the nanowire arrays 
makes that the lateral growth can only occur when the rate 
of the OH– generation and the Zn2+ diffusion rate are simi-
lar (Fig. 1b). Even in this scenario, an enhancement of the 
longitudinal growth rate is expected due to the internal 
structure of ZnO [32]. However, the use of adsorbing spe-
cies as selective ZnO face stabilizers has been proposed to 
act on the ratio between the longitudinal and the lateral 
growth rates [20, 26, 33]. 
 A very low deposition efficiency, defined as the ratio 
between the OH– that react with Zn2+ (yielding ZnO,  
Eq. (3)) and the total amount of OH– produce from O2 elec-
troredution (Eqs. (1) and/or (2)), is predicted for the sce-
nario of Fig. 1a. However, the deposition efficiency should 
increase for the scenario of Fig. 1b, reaching the highest 
values for the case of Fig. 1c.  
 The electrodeposition of ZnO nanowire arrays reported 
in our previous work (V = –1 V vs. SCE, [ZnCl2] =  
5 × 10–4 M, [KCl] = 0.1 M and T = 80 °C) seems to be 
close to the scenario of Fig. 1a because no significant lat-
eral growth was observed and a deposition efficiency of 
∼5% was estimated [27]. Considering these electrodeposi-
tion conditions as a reference, there are several ways to act  
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Figure 1 (online colour at: www.pss-a.com) Schematic view of 
the growth of the electrodeposited ZnO nanowires when: a) the 
OH– generation rate is much faster than the Zn2+ diffusion, b) the 
OH– generation rate is similar to the Zn2+ diffusion and c) the 
OH– generation much slower than the Zn2+ diffusion. The arrows 
indicate the growth direction. 
 
on the growth mechanism of ZnO nanowires, by modifying 
the generation rate of OH–. They are discussed in the fol-
lowing. 
 Figure 2 summarizes the cathodic forward sweeps of 
CV performed on conducting glass substrates in two dif-
ferent deposition solutions ([KCl] = 0.1 M and 3.4 M). The 
CV have been discussed in detail elsewhere [26]. Here, we 
only use Fig. 2 to show two different ways to decrease the 
OH– generation rate. The simplest one is to perform the 
electrodeposition using identical solution, but at lower cur-
rent density (point B instead of A, Fig. 2). An alternative 
option to decrease the OH– generation rate is by using 
higher chloride concentrations [26, 31] (point C of Fig. 2).  
 In order to check the validity of the discussion, elec-
trodepositions under different conditions (points A, B and 
C of Fig. 2) were performed. These conditions are referred 
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0.0
C
B
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J
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m
2 )
V vs. SCE (V)
A
 
Figure 2 (online colour at: www.pss-a.com) Cathodic current–
potential scans of SnO2 :F electrode in deposition solutions (O2 
saturated, [ZnCl2] = 5 × 10
–4 M) with two different KCl concen-
tration (empty squares: 0.1 M and filled squares: 3.4 M).  
 
as A, B and C in the text. Two different charge densities 
were used for each condition to analyze the evolution of 
nanowire dimensions as a function of the charge. Figure 3 
summarizes the SEM micrographs of the obtained ZnO 
nanowire arrays.  
 A large decrease of the nanowire density can be in-
ferred for the arrays deposited under conditions C, espe-
cially those obtained after passing 10 C/cm2. As discussed 
in detail in Ref. [27], the growth of the most vertical 
nanowires is favoured against that of the tilted ones, in- 
 
 
Figure 3 SEM micrographs of the ZnO nanowire arrays obtained 
for A conditions: a) 2.5 and b) 10 C/cm2, B conditions: c) 2.5 and 
d) 10 C/cm2 and C conditions: e) 2.5 and f) 10 C/cm2.  
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Table 1 Diameter, length and deposition efficiency for the A, B and C electrodeposition conditions. 
diameter  
(nm) 
length  
(µm) 
deposition efficiency 
(%) 
conditions 
 
[KCl] 
(M) 
∼V vs. SCE 
∼ (V) 
∼J  
∼ (mA/cm2) 
2.5 C/cm2 10 C/cm2 2.5 C/cm2 10 C/cm2 2.5 C/cm2 10 C/cm2 
A  0.1 ∼–1.0 ∼–0.67*   95 100 0.2 0.5 17   6 
B  0.1 ∼–0.6* ∼–0.32 107 112 0.7 1.72 35 20 
C  3.4 ∼–1.0 ∼–0.32* 190 450 1.3 4 55 42 
* Steady-sate values obtained when the other parameter (V or J) was fixed. 
 
ducing a selective process during the electrodeposition ex-
periment. This is illustrated in Fig. 3f where the array is 
constituted of the longest nanowires. The lowest density 
can be observed for this sample. Thus, the variation of the 
nanowire density inferred in plan view SEM images is 
mainly due to the differences in the length of the nano-
wires and not to the differences in the electrodeposition 
conditions. 
 The mean values of the nanowire dimensions and 
deposition efficiency, estimated by weighing numerous 
samples before and after the electrodeposition, correspond-
ing to the A, B and C conditions are summarized in  
Table 1. Only small differences (∼5 nm) in nanowire di-
ameter are observed between the samples obtained after 
passing 2.5 C/cm2 and 10 C/cm2 for the A and B deposition 
conditions ([KCl] = 0.1 M). On the contrary, for the C 
conditions ([KCl] = 3.4 M) the nanowire diameter in-
creases by a factor larger than 2 by passing 10 instead of 
2.5 C/cm2. The nanowire length increases as a function of 
the charge density for the three different electrochemical 
con ditions (A, B and C). Most interestingly, for a constant 
charge density the length of the nanowires increases from 
A to B and then to C conditions.  
 Irrespective of the electrodeposition conditions, the 
deposition efficiency decreases as a function of the  
charge density (Table 1). This is due to the selective depo-
sition process that results in a decrease of the nanowire 
density on the top of the array and, therefore, in a decrease 
of the deposition efficiency as the nanowire length in-
creases.  
 By comparing the nanowire dimensions and the depo-
sition efficiency obtained for the A and B conditions 
([KCl] = 0.1 M), we can conclude that the major effect of 
decreasing the current density is to enhance the deposition 
efficiency. This is due to the decrease of the OH– genera-
tion rate versus the Zn2+ diffusion, which mainly results  
in an enhancement of the longitudinal growth rate. How-
ever, the lateral growth seems to be limited to the first 
growth stages, when the nanowire morphology is not  
yet developed [27], for both studied current densities  
(–0.67 mA/cm2 and –0.32 mA/cm2).  
 Since the current density of the B and C conditions was 
the same, the comparison between the obtained nanowire 
arrays (Fig. 3c–f) may be used to get a further insight into 
the role of chloride anions on the growth of ZnO 
nanowires. The role of Cl– ions as stabilizers of the (0001) 
ZnO surface, evoked in the Refs. [20, 26], might be the 
origin of the lateral growth observed for “high” chloride 
concentrations (Fig. 3e and f). However it cannot explain 
the enhancement of the longitudinal growth. 
 Other authors have reported that the presence of Cl– 
modifies the oxygen reduction mechanism on metallic sub-
strates such as silver [34] and nickel [31], inducing the 
formation of H2O2 as an intermediate species by a two-
electron reduction process (Eq. (1)) instead of a direct 
four-electron process (Eq. (2)). Lincot’s group [35] has re-
cently studied O2 electroreduction on ZnO electrodes, find-
ing that the total number of exchanged electrons during O2 
reduction is ∼3.4 for [KCl] = 0.1 M. This may indicate that 
a four-electron process is dominant under these conditions. 
Nevertheless, the two-electron process may become more 
important when [Cl–] increases due to the adsorption of 
chloride ions on the ZnO surfaces [36]. This effect appears 
as one of the most probable origins of the decrease of cur-
rent density for “high” chloride concentrations (Fig. 2). 
However, the decrease of the solubility of O2 in aqueous 
solutions as a function of the chloride concentration [37] 
may also contribute to the current decrease.   
 Since the kinetics of O2 reduction by a two-electron 
process (Eq. (1)) is lower than those of the direct four-
electron pathway (Eq. (2)) [38], although the current den-
sity was the same for the B and C deposition conditions 
(Fig. 2), the slowest OH– generation is expected for “high” 
chloride concentrations. As a consequence, the deposition 
efficiency is enhanced for the C deposition conditions. 
Contrarily to “low” chloride concentrations, its increase re-
sults not only in the longitudinal growth, but also in the 
lateral one. This suggests that the growth of ZnO nanowire 
arrays occurs in a scenario similar to that of Fig. 1b. As 
previously discussed, chloride ions can be adsorbed on 
(0001) ZnO surface decreasing the ratio between the longi-
tudinal and the lateral growth rate. 
 Thus, the use of high chloride concentrations appears 
to be an efficient way to act on the growth mechanism of 
the electrodeposited ZnO nanowires shifting from scenario 
of Fig. 1a to that of Fig. 1b. 
 
 3.2 Electrochemical impedance spectroscopy 
The electrical behaviour of the nanowire arrays obtained 
using “low” and “high” chloride concentrations was ana-
lyzed by electrochemical impedance spectroscopy. A Mott–
Schottky (MS) model that takes into account the particular 
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Figure 4 (online colour at: www.pss-a.com) a) Capacitance and 
b) Mott–Schottky plots of as deposited ZnO nanowire  arrays and 
after thermal annealing, for two different KCl concentrations 
(0.1 M and 3.4 M). 
 
morphology of the nanowire arrays, was developed to de-
termine the carrier density in electrodeposited ZnO sam-
ples. The details of the model can be found elsewhere [19]. 
Briefly, the method is an extension of the Mott–Schottky 
(MS) analysis commonly used to determine both dopant 
density and flatband potential at flat semiconductor and 
semiconductor/liquid junctions, but taking into account the 
particular geometry of ZnO nanowires. The nanowire ca-
pacitance was obtained from the impedance spectra. The 
donor density was determined by fitting the capacitance in 
the range of voltages where it is governed by the size of 
the depletion region.  
 The capacitances and MS plots of the samples obtained 
for the A and C deposition conditions ([KCl] = 0.1 M and 
3.4 M, respectively) are shown in Fig. 4. Data of the same 
samples after annealing in air (1 hour at 450 °C) are also 
plotted in Fig. 4. Solid lines represent the fits of the ex-
perimental data employing the model of the Ref. [19]. A 
very good agreement between the experimental data and 
the model is observed at reverse bias, except for potentials 
higher than 0.8 V vs. Ag/AgCl, where the capacitance 
from the buffer layer may become predominant [19]. For 
as deposited samples, which present high donor density, 
MS plot (Fig. 4b) presents a linear behaviour very close to 
that typically observed in flat samples [39]. Nevertheless 
 
 
Table 2 Donor density (Nd) of the nanowires obtained for A and 
B electrodeposition conditions. 
Nd (cm
–3) deposition  
conditions 
[KCl]  
(M) 
as deposited annealed* 
A 0.1 5 × 1019 2 × 1018  
C 3.4 3 × 1020 5 × 1017 
* 1 hour at 450 °C in air. 
the special geometry of the samples has to be taken into 
account to avoid errors in the determination of donor den-
sity. For samples with lower donor density (as deposited 
samples) a curved MS plot is obtained and the effect of the 
nanowire morphology is clearly manifested.  
 Table 2 shows the obtained values for the donor den-
sity of ZnO nanowires. For the as deposited nanowires, the 
donor density increases for “high” chloride concentration. 
On the contrary, after annealing, the donor density is 
higher for nanowires deposited using low “chloride” con-
centrations.  
 As discussed in the previous section, the use of “high” 
chloride concentration results in a decrease of the OH– 
generation rate. This induces an increase of the 
[Zn2+]/[OH–] ratio close to the cathode. Since the energy 
formation of ZnO intrinsic defects with an electrical donor 
behavior, such as oxygen vacancies (VO) or zinc atoms in 
interstitials positions (Zni) decreases in zinc rich conditions 
[40, 41], the increase of the [Zn2+]/[OH–] ratio may result 
in a higher amount of donor defects in ZnO nanowires. 
This could explain the increase of the donor density in the 
as deposited samples for “high” chloride concentrations. 
The concentration of intrinsic donor defects should de-
crease after annealing in air, giving more relevance to the 
electrical role of Cl impurities, whose content is expected 
to be increased with [KCl]. Chlorine can be adsorbed onto 
the nanowire surface or placed into the bulk. In the latter 
case the electrical role depends on their position into the 
ZnO lattice. Chlorine impurities may act as electrical do-
nors if they substitute oxygen atoms. However, they may 
present an acceptor behavior if they are in interstitial posi-
tion or form some complexes with some intrinsic ZnO de-
fects [42]. Because the donor density of annealed samples 
decreases with [KCl], compensation effect due to the pres-
ence of chlorine related defects with a net negative charge 
state is suggested. Complementary studies are now under-
taken to gain a further insight into the position and the role 
of Cl atoms on the electrical properties of ZnO nanowires. 
 
 4 Conclusion A general discussion about the influ-
ence of the surrounding conditions on the growth mecha-
nism of the electrodeposited ZnO nanowires was reported. 
The effect of the ratio between the O2 reduction rate and 
the diffusion of Zn2+ to the cathode has been emphasized. 
Due to the particular morphology of the nanowire arrays, 
when the reduction of O2 is relatively fast the deposition 
efficiency is very low and no lateral growth occurs. How-
ever, the decrease of the O2 reduction rate results in an en-
hancement of the deposition efficiency. Values in the range 
of 40–55% have been attained by using high chloride con-
centrations ([KCl] = 3.4 M), inducing a considerable lat-
eral growth. The general discussion not only enhances the 
understanding about the growth mechanism of ZnO nano-
wires electrodeposited from O2 reduction, but also opens 
new approaches for other (electro)chemical methods based 
on solution techniques. On the other hand, the influence of 
the deposition conditions on the electrical properties of the 
2350 R. Tena-Zaera et al.: Electrodeposition and impedance spectroscopy of ZnO nanowire arrays 
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ZnO nanowires has been also studied by using electro-
chemical impedance spectroscopy. Donor densities  
from 5 × 1019 to 3 × 1020 cm–3 have been obtained for  
as deposited samples. However, air annealed samples 
(1 hour at 450 °C) exhibit values in the range of  
1017–1018 cm–3. 
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